iodine is an essential trace element, necessary for the production of thyroid hormones, which play a key role in optimal foetal growth and (neuro-) development. To date, iodine deficiency remains a health burden in many countries. We investigated the variability of placental iodine concentrations within and between individuals. We used 20 mother-neonate pairs from the ENVIRONAGe birth cohort, took samples at three standardized locations of the placentas, pooled and digested them, and determined the iodine concentrations using an ICP-MS method as an alternative for the Sandell-Kolthoff method. the variability between and within the three sample regions was calculated using the intra-class correlation coefficient (ICC) from the variance components of mixed models. With the Friedman test, the differences between placental biopsies were assessed. The ICC showed a higher between-placenta (68.6%) than within-placenta (31.4%) variability. Subsequently, we used our optimized method to determine iodine concentrations in 498 mother-neonate pairs, which averaged 26.1 μg/kg. For 96 mothers, the urinary iodine concentrations were also determined, which showed no correlation with the placental iodine storage, as was expected. Future studies are necessary to explore the effects of these placental iodine concentrations in relation to health outcomes of mother and child at birth and later in life.
in misclassification of the maternal iodine status 16 . Therefore, Burns and colleagues 1, 10 recently proposed that iodine concentrations in the placenta itself can be used as a long-term biomarker for iodine consumption during pregnancy.
Various techniques have been described for the determination of iodine concentrations in biological samples and a review of these techniques is provided by Shelor and colleagues 17 . The oldest and likely most widely used technique is the catalytic Sandell-Kolthoff method 18 , particularly in urine samples. As such it has been applied worldwide for the detection of iodine deficiency in populations 17, 19 . For placental tissue, some studies used an overnight drying and incineration technique followed by iodine determination with the Sandell-Kolthoff method 1, 20 . The National Health and Nutrition Examination Survey was the first study to use ICP-MS for measurements of UIC, and acknowledges several advantages over Sandell-Kolthoff, such as ruggedness, reliability and the speed of the method 17, 21 . ICP-MS reportedly has a lower detection limit, a better precision and better accuracy 17, 22 . Moreover, in contrast to the Sandell-Kolthoff method, ICP-MS does not suffer from interferences by organics like thiocyanate (i.e. an important component of cigarette smoke), metals like silver and mercury, or nitrite and ascorbic acid 17 . In many areas of research, ICP-MS is increasingly recognised for reliable and rapid detection of low element concentrations, providing high sensitivity and the advantage of multi-elemental detections 21, 23, 24 .
At the European level, a CEN standardized operating procedure exists (CEN EN 15111:2007) 25 describing a method for the determination of iodine in various types of food samples, which makes use of tetramethylammonium hydroxide (TMAH) for alkaline iodine extraction, followed by ICP-MS detection. A similar method was reported by Fecher and colleagues 26 . While acidic mineralizations, which are commonly used to digest sample matrices and extract trace elements prior to ICP-MS detection, hold -in case of iodine determination -the risk of a loss of analyte due to the formation of volatile HI or I 2 27 , while these volatilisations are avoided under alkaline conditions.
In the current study, we present an optimised method for the determination of iodine concentrations in placental tissue based on TMAH extraction followed by ICP-MS detection, including the presentation of method performance characteristics. This is in contrast with previous studies reporting iodine concentrations in placentas, where such performance data were missing. The method was used to (1) check the intra-placental variations of iodine in 20 mother-neonate pairs, and (2) determine the placental iodine concentrations of 498 mother-neonate pairs.
Results and Discussion
Determination of the dry weight percentage of the placental samples. The dry weight percentage, determined in ten randomly selected placentas, ranged between 18.0% ± 1.0% and 21.8% ± 1.0%, with an average of 20.1% ± 1.0%. Within a single placenta, the standard deviations between regions ranged from 0.04% to 1.4%. Because of these limited variations, we concluded that the influence of the water content of the samples on the measured iodine concentrations had not to be taken into account in further result interpretation and that the placental iodine concentrations of the present study could best be expressed on a wet weight basis (w/ww).
Method performance characteristics. Limit of detection (LOD) and limit of quantification (LOQ). The
LOD and LOQ in solution of the iodine measurements were respectively calculated as three and ten times the standard deviation of 10 procedure blanks. The LOD was 0.012 μg/L and LOQ 0.040 μg/L in solution, which corresponds to an LOQ of 4 μg/kg in the placenta matrix after taking into account the 100× dilution factor of the samples. Because this LOQ is approximately three times lower than the lowest placental iodine concentration observed in this study, the sensitivity of the method is largely sufficient in the present context.
Trueness and recovery. The mean spike recovery at various levels ranged between 102% and 107% of the expected concentrations (see Table 1 ).
Throughout all experimental batches, the average measured I tot concentration of the standard reference material (SRM) 1577 was 294.1 ± 12.5 μg/kg. Compared to the iodine reference value of the SRM 1577 certificate for the MS technique (280 ± 10 μg/kg), the mean measured value in our study was 5% higher. This corroborates with the results of the spiking experiments, which were in agreement with the theoretical values. As such, the accuracy of the method was considered satisfactory.
Based on the observed within-day variations and between-day variations of the results of the SRM 1577 material, the repeatability standard deviation (s r ) of the method was calculated to be 2.1%, and the between-day standard deviation (s d ) to be 4.1%. This resulted in a within lab reproducibility (s ip ) of the method of 4.6%. Calculations for the placental sample analyzed in three independent replicates on three different days resulted in the following values: s r = 1.8%, s d = 2.2%, s ip = 2.9%, which is in line with the results obtained on the reference material. Table 1 . Three placental samples with known iodine concentrations (i.e. their iodine concentrations were determined prior to spiking) were spiked to three different levels: 75 μg/kg, 150 μg/kg, and 300 μg/kg. Recovery was within 10% of the expected concentration.
The method described in the present study (based on TMAH extraction, followed by ICP-MS measurement) has some advantages over the previously described Sandell-Kolthoff reaction 1 , or the acidic extraction of iodine, followed by ICP-MS 28 . First, in comparison with the method proposed by Burns et al. 1 , the sample preparation time is shorter and more energy efficient: we digested samples for 3 hours at 90 °C in a TMAH solution, compared to overnight drying and subsequent incineration for 3 hours at 600 °C. Second, ICP-MS is a highly sensitive and precise method for measuring iodine compared to other methods 17 . In comparison with the performance characteristics for various methods and matrices (other than placental tissue) listed by Shelor and colleagues 17 , the LOQ of our method is among the lowest of all values listed and, like the other ICP-MS data cited in that review, our precision values are low compared to many of the cited Sandell-Kolthoff based methods for which relative standard deviations up to 15% were noted. Spike recovery did not show clear differences among methods and our results were in line with those reported previously. Furthermore, previous studies have shown that ICP-MS provides a more precise approach to determine iodine in complex matrices, like breast milk 29 .
Some uncertainty remains regarding the suitability of acid mineralizations (with HNO 3 ) as a sample preparation method for placental tissues prior to iodine measurements with ICP-MS as performed by Peng and colleagues 28 . Due to the risk for formation of volatile compounds such as HI or I 2 , iodine losses may occur 26 . Unfortunately, neither that recent study 28 , nor the study by Burns and colleagues 1 provide information on the performance characteristics of the method they used, which does not permit a sound evaluation of the accuracy of their methods.
Intra-versus interplacental differences in iodine concentrations. The median placental iodine level
in the twenty placentas was 28.3 μg/kg (range: 18.4 μg/kg to 43.0 μg/kg). The intra-class correlation coefficient (ICC) showed that the between-placenta variability (68.6%) was higher than the within-placenta variability (31.4%; p = 0.004; Fig. 1A ). Moreover, Friedman statistic showed that no statistically significant difference was observed between iodine concentrations in different regions of the placenta (i.e. χ 3 2 statistic = 2.1; p = 0.35; Fig. 1B ).
These statistical results suggest that one single sample of one single region of a placenta reliably reflects the iodine concentration of the whole placenta. However, we assumed the differences between the regions of the individual placentas to be considerable. The maximum difference within one single placenta was 10.3 μg/kg. For this reason as well as to take into account any residual regional differences, we ultimately decided for the determination of the iodine concentration in the 498 placentas of the Environmental Influences ON Early Ageing (ENVIRONAGE) birth cohort, to analyze a pooled sample of each placenta, consisting of equal sample amounts of each of the three regions. Supplementary Table S1 . Mothers were on average 29.5 years old (SD 4.4). The mean maternal pre-pregnancy BMI was 24.6 kg/m 2 (SD 4.8), and mothers gained 13.8 kg (SD 5.8) during their pregnancy. The majority of them obtained a higher education (54.4%), and 320 participants never smoked (64.4%). During pregnancy, few mothers had hypothyroidism (2.4%), and only 4 were diagnosed with hyperthyroidism (0.8%). Of the neonates, 261 (52.4%) were primiparous, and 51.4% were boys. They had a mean birth weight of 3452 g (SD 436), and had a mean length of 50.3 cm (SD 1.9). 87.7% was of European descent (i.e. at least two European grandparents).
Iodine concentration in 498 placentas of the ENVIRONAGe birth cohort. The mean iodine concentration in the placentas of the ENVIRONAGE birth cohort was 25.6 μg/kg (SD 4.6 μg/kg), ranging from 12.4 μg/kg to 42.0 μg/kg (see Fig. 2 ). The 10 th and 90 th percentiles were 21.0 μg/kg and 31.9 μg/kg, respectively. These levels are in line with the observations of Burns and colleagues 1 , who reported an average concentration of 34.0 μg/kg in placental samples collected from an Irish population, using the Sandell-Kolthoff colorimetry. It must be noted that the majority of these pregnant Irish women was iodine deficient, as evaluated by the UIC. In contrast, reported levels of iodine in placentas from mother-neonate pairs of the Liaoning Province in northeastern China (a known iodine sufficient region) were 10 to 20 times higher than those from our study 28 . In that study, iodine concentrations were measured by ICP-MS after acid mineralization (HNO 3 + H 2 O 2 ) in a microwave oven. It is important to note that differences in the applied method, without availability of performance data of all methods, limits and complicates the comparison and interpretation of the observed differences in iodine concentration. In our study, no significant differences in the placental iodine content were observed for maternal age (p = 0.42), maternal education (p = 0.09), gestational thyroid status (p = 0.08), neonates' sex (p = 0.28), parity (p = 0.34), or ethnicity (p = 0.93). Data are presented in Table 2 and Supplementary Figure S1 . These observations are in line with previous studies 30, 31 , in which the investigators also found no difference in iodine intake according to parental age, educational level, child's sex, or parity. Furthermore, we observed no difference in iodine storage between neonates of different ethnicity. This is in contrast to results from Caldwell and colleagues 32 . However, the authors noted that a larger sample size would have been favourable as it would be more representative for race and ethnicity. Furthermore, their racial and ethnic grouping has been made on different attributes compared to our population, which might yield different results.
Because most available data on the iodine status of populations concerns UIC, we also measured iodine concentrations in a subset of 96 spot urine samples, collected the day after delivery. The results of these measurements are reported in Supplementary Fig. S2 . As expected, no correlation was observed between spot UIC results and the placental iodine load. While the former reflects short-term exposure (highly influenced by recent diet and therefore highly variable), the latter is more representative for long-term exposure. According to the WHO guidelines for pregnant women, a median urinary iodine concentration of 150-249 μg/L indicates an adequate iodine nutrition during pregnancy, while values less than 150 μg/L are considered insufficient 33 . In a recent study by Vandevijvere and colleagues 12 , it was shown from the UIC measurements that most pregnant women in Belgium are iodine deficient. They reported a median UIC of 131.0 μg/L, which is higher than the median (in 96 samples) of the ENVIRONAGE cohort of 55.7 μg/L (or 69 µg/g creatinine). Although UIC tends to be lower shortly after delivery than during pregnancy 34, 35 , these results suggest that over a period of four to six years, iodine deficiency further increased in the Belgian pregnant population. A similar trend has been observed in the United States National Health and Nutrition Examination Survey (NHANES) where each cycle the UIC decreased: from 181 μg/L in 2000 21 www.nature.com/scientificreports www.nature.com/scientificreports/ Strengths and limitations. Our study has some strengths and weaknesses. First, the samples were drawn from three standardized regions of the placenta, instead of homogenizing the entire placenta, which would yield a placental homogenate containing placental blood, fragments of blood vessels, and membranes. Nonetheless, reproducibility and variation between the three regions were adequately checked, and the variation between single regions within a single placenta was low. Moreover, a pooled sample of the various sampled regions was analyzed to obtain a more representative result. Second, as the current WHO threshold values for iodine are only based on the UIC values and not on placental iodine concentrations, our data cannot be used to determine the true extent of iodine deficiency within the current birth cohort. However, their value is in provision of an accurate and stable representation of long-term iodine intake throughout the entire pregnancy, which in a later step could be related to health outcomes of both mother and child. Placental threshold values as such are of little importance with regard to screening and prevention of iodine deficiency during reproductive phase of life, as iodine deficiency should already be addressed before and during pregnancy. However, determining the placental iodine concentrations can be important for biomonitoring and preventive medicine as a long-term biomarker of gestational iodine load. It is a valuable tool to diminish exposure misclassifications, which are more likely to occur when measuring urinary iodine concentration. A final, major strength of the current study is that our findings can be extrapolated to the general Belgian population, as our study population is representative for the segment of the Belgian population in the pregnancy period or reproductive phase of life ( Supplementary Table S2 ) 36 .
conclusions
In the present study, we present an optimized method for the determination of iodine concentrations in placental tissue samples based on extraction with TMAH followed by ICP-MS measurement. Our method of tissue sampling and subsequent measuring of iodine concentration provides a novel approach, with a high precision and accuracy, to determine the concentration of iodine accumulated during gestation in the placenta. In contrast to other existing studies reporting iodine concentrations in placentas, we detail for the first time the performance characteristics of such a method. In addition to the validated analytical protocol, we applied a standardised sampling protocol and we were able to show that there was no significant difference in iodine levels between biopsies taken at three standardised regions of the placenta. Nevertheless, we used a pooled sample of the different regions to further reduce variation of the results. The proposed method was successfully applied for the assessment of placental iodine levels in 498 mother-neonate pairs of the ENVIRONAGE birth cohort. The mean placental iodine concentration in the current study was 25.6 μg/kg (SD 4.6), with a range between 12.4 μg/kg and 42.0 μg/kg. While these data are in line with previous reports which used different sampling and analytical strategies, this is the first study to provide performance characteristics on the given method. Furthermore, we have sampled and measured placental iodine levels for a large number of participants. No correlation was observed between the placental and urinary iodine concentrations.
We believe that placental iodine concentration could be used as a proxy of long-term iodine consumption of the mother and presents some advantages over UIC, not the least because the UIC, even when 24 h collections Table 2 . Population characteristics of the 498 mother-neonate pairs. a Maternal education was coded as "low" (no diploma or primary school), "middle" (high school) and "high" (college or university degree). b Classification of ethnicity is based on the native country of the neonates' grandparents as either "European" (at least two grandparents were European) or "non-European" (at least three grandparents were of non-European origin).
Sample collection and determination of the wet content.
Whole placentas were deep frozen in plastic containers at −20 °C within 10 minutes after delivery. After minimally thawing, placental tissue biopsies were taken at three standardized regions ( Fig. 3 ). To this end, the placenta was placed with the foetal side upwards and orientated with the largest blood vessel originating from the umbilical cord facing away from the researcher. Biopsies of two by two cm were taken at a distance of two cm away from the umbilical cord by cutting with a ceramic knife. For each biopsy, the membranes were cut away and excess blood was removed from the tissue by squeezing and rubbing it against Grade 54 filter paper (GE Healthcare, Chicago, USA). As such, we made sure that the maternal and foetal sides of the tissue were adequately blended to get a homogeneous sample, representative for the entire region. Three different samples were thus obtained for each placenta and stored separately in metal-free centrifuge tubes (Sterile propylene tubes; VWR, Radnor, USA) at −20 °C until extraction. One day after delivery, maternal urine samples were collected in metal-free tubes (BD Vacutainer Plastic Urinalysis Tubes, Fisher Scientific, Pittsburgh, USA), and frozen at −80 °C until analysis.
In order to determine whether potential differences in water content between placental samples should be taken into account for the interpretation of the results, a subset of ten placentas was randomly selected to verify the presence of differences in water content. This was assessed by weighing from each separate placental region approximately one gram of tissue in a glass petridish and drying it in an oven (T5050, Heraeus, Hanau, Germany) at 105 °C for 24 hours. After drying, the samples were cooled in a silica gel desiccator for 30 minutes and weighed again. Final dry weight percentages were calculated as an average of the three samples per placenta. www.nature.com/scientificreports www.nature.com/scientificreports/ deviations (expressed in %) were obtained by expressing the corresponding standard deviations as a percentage of the mean measured values:
Quality control measures. Each analytical batch included internal quality control measures such as two procedure blanks and a reagent blank as a monitor for possible cross-contamination, a rinsing step between all samples to avoid memory effects, and a quality control check every 20 samples to allow verification of potential instrument drift. A series of acceptance criteria were applied to each batch, including calibration blank value below LOQ/2, procedure blank below the LOQ, and drift below 10%. Additionally, the mean measured value of the reference material SRM 1577 in each batch was evaluated against the value for the MS technique on the certificate (280 ± 10 μg/kg; mean ± measurement uncertainty) with an accepted deviation of maximum 15%.
Determination of intra-versus interplacental differences in iodine concentrations.
In order to gain insight in potential differences in iodine concentrations between the three different placental regions, and to find out whether a single sample of one region could be sufficiently representative for the entire placenta, a random selection of twenty placentas was made to determine the inter-and intraplacental variations. For each of the three sampled regions of these twenty placentas, the iodine concentrations were analyzed and the difference in variation within and between the three sampled regions was statistically evaluated (See paragraph Statistical analysis).
Determination of iodine in 498 placentas of the ENVIRONAGe birth cohort.
Based on the assessment of intra-placental variations in iodine concentrations, we decided to pool for each placenta the three sampled regions. For each of these regions, approximately 165 mg was taken and pooled to get a final weight of about 500 mg of placental tissue per placenta. Further processing was done as described in the paragraphs Sample preparation on page 6 and Iodine analysis with ICP-MS.
Statistical analysis. The difference in the between-and within-variation of the three sample regions was calculated on the subset of twenty placentas using the intra-class correlation coefficient (ICC) from the variance components of mixed models. Compared to simple linear regression models, the mixed models take regional differences into account for each individual placenta and calculate the proportion of variation that is explained by the variance between individuals 42 . The ICC reflects the variability within or between the placentas. With the Friedman test, the significance of this variability was assessed. Maternal age was investigated via generalized linear models. For the different classes of maternal education level (coded as 'low' [no diploma or primary school], 'middle' [high school], and 'high' [college or university degree]), gestational thyroid status (coded as 'normal' , 'hypothyroidism' , and 'hyperthyroidism'), neonate's sex (coded as 'male' or 'female'), parity (coded as 'one' , 'two' , or 'at least three' children), and ethnicity (classified based on the native country of the neonates' grandparents as either 'European' [at least two European grandparents] or 'non-European' [at least three grandparents were of non-European origin]) we analysed possible differences in the iodine content via means of the Pearson's one way Analysis of Variance test (ANOVA). We used Duncan's new multiple range test as a post-hoc test. Database management and statistical analysis were performed with the SAS software, version 9.4 (SAS Institute, Cary, NC, USA). Mean ± standard deviation (SD) is given for continuous variables and the proportion for categorical variables. The significance level was set at p < 0.05.
